Abstract
Introduction

40
The antennal lobe is a brain network that guides olfactory behaviors in insects. It is partitioned into 41 globular neuropil called glomeruli, each of which responds to a unique set of odorants. Glomeruli blockade of excitation using mecamylamine. This prevented activation of PNs as well as inhibitory 131 circuitry, disinhibiting the presynaptic response. A 30-pulse, 100 Hz stimulus was then used to evoke 132 presynaptic activity. 133
134
Map generation 135
All visualization and analysis was performed in Matlab (r2006b, Mathworks, Natick, MA). LSM image 136 stacks were imported into Matlab using DIPimage (www.diplib.org). To make maps of evoked activity, 137 the average of 10 or 20 frames (depending on protocol) post-stimulus was subtracted from the average 138 10 frames pre-stimulus, and divided by pre-stimulus average (Fig. 1D) . To remove the effect of dark-139 state conversion of G-CaMP1.6 that occurs during illumination, the resultant map was subtracted from 140 a control map generated for a no-stimulus condition. To correct for drift of preparation between trials, 141 each antennal lobe was aligned to the resting fluorescence image from the initial trial using DIPimage. 142
The stability of all proceeding analyses is discussed in Supplementary Fig. 1 . All ∆F/F images shown 143 in figures were further processed as such: 1) the region surrounding glomeruli is masked to remove 144 low-fluorescence regions, since these suffer from low signal-to-noise ratio, and 2) image is smoothed 145 with a gaussian filter, = .75-1 pixels. 146
147
Analysis 148
For ROI (region of interest) analysis, glomeruli were manually selected. They were identifiable in ∆F/F 149 images as contiguous, round regions of relatively uniform intensity. DA1 was identifiable by its distinct 150 morphology and location in the dorsolateral region. To generate average maps of activity across preps, 151 each AL was morphed into a 300-point circle consisting of 10 radial and 30 angular coordinates (Suppl. 152 Fig. 2 ). Each pixel was binned according to its distance from the boundary of the antennal lobe, and its 153 angle from the centroid of the antennal lobe. Bins were averaged and plotted in polar coordinates and 154 interpolated to generate a smoothed, circular map (using PolarToIm.m, posted on Matlab Central by P. 155 Manandhar). The same procedure was carried out for DA1 average maps, each pixel binned according 156 to its distance from the manually selected boundary of DA1, and its angle from the centroid of DA1. 157
The statistical properties of each average map are described in Supplementary Fig. 3 ; statistical values 158 for all comparisons are given in Table 1 . 159
160
To calculate the dispersion of activity within a glomerulus, we calculated the mean distance of its 161 pixels from its center of response, weighted by the per-pixel ∆F/F. We used this to calculate "∆Extent",the log ratio of ipsilateral dispersion to contralateral dispersion. To generate figure 2D , ∆Extent was 163 calculated and assigned to the entire ROI of each glomerulus. The resulting maps were then 164 standardized (Suppl. Fig. 2 ) and combined to generate an average map. 165
166
To determine DA1 boundaries within average maps (e.g. Fig. 2D ), DA1 was manually identified in 167 single preparations and its region of interest was assigned a value of 1. The resulting maps were 168 standardized (Suppl. Fig. 2) , averaged, and the region whose intensity exceeded 50% of maximum was 169 demarcated as DA1 within average maps. Regions activated by local stimulation (Fig. 6C) were 170 delineated by generating average maps of responses to local stimulation, and thresholding the resultant 171 map at 50% of maximum response. To visualize the medial region activated by maxillary nerve 172 stimulation (Fig. 6Ci) , a threshold of 30% was needed. 173
174
To enhance color contrast in Fig. 6B and the left panel of Suppl. Fig. 5B , each pixel was assigned a z-175 score (# standard deviations from the mean) based on the log ratio of intensities in the two channels. 176
For each pixel, this ratio was exaggerated using the hyperbolic tangent function and was used to 177
generate new values for the two channels, keeping the cumulative intensity across its two channels 178 constant (Suppl. Fig. 4 ). The enhancement was done for visualization purposes alone and did not affect 179 any quantifications. 180
181
To calculate the inhibition of the response to the later stimulus in a stimulus pair (Fig. 6E ), 1) Stimuli 182 were presented at different inter-pulse intervals; 2) The fluorescence traces of the resulting responses 183 were fit by applying the Matlab function 'nlinfit' on the following formula: 184
where 186
and A 1 and A 2 are the response amplitudes, g(t) is an impulse response function, T is the time constant 188 of decay, D isolates a slight dip of the response below baseline (as seen in Suppl. (Fig. 2A) . We imaged either 214 presynaptic activity in ORN terminal axons (Fig. 2B) , or postsynaptic activity in PN dendrites (Fig.  215   2C ). The responses of ventro-lateral glomeruli, in ORNs as well as in PNs, were largely ipsilateral (Fig.  216 2B,C), matching their innervation by ORNs from the two antennae (Suppl. Fig. 5D ). The rest of the 217 glomeruli responded bilaterally: imaging the ORN terminal axons of these glomeruli revealed 218 interlaced regions that responded to either ipsilateral or contralateral stimulation (Fig. 2B) . for differences in the side-specific responses of male and female DA1s. Unlike male DA1's, which 244 responded more strongly to ipsilateral stimulation (Fig. 3A) , female DA1's showed similar magnitudes 245 of response to ipsilateral and contralateral stimulation (Fig. 3B) , and in some cases an even stronger 246 response to contralateral stimulation (e.g. female AL in Fig. 2C ). This difference could not be 247 explained by the relative density of presynaptic innervation, since both male and female DA1 ORN 248 responses were largely ipsilateral (Fig. 3C) . 249
250
The difference between males and females in ipsilateral preference of DA1 PNs was seen across the 251 range of stimulus durations tested. Longer trains resulted in a greater ipsilateral preference in both 252 males and females, in DA1 as well as in other glomeruli (Fig 3D) . This was the result of the ipsilateral 253 response having a sustained component to prolonged stimuli that was absent in contralateral responses 254 (Suppl . Fig. 7) . The sexual dimorphism in ipsilateral bias seen in DA1 was small or undetectable in 255 other glomeruli (Fig. 3D , Suppl. the ORNs to excite the PNs in wake of the prior stimulation (Suppl. Fig. 9 , Movie S1). Introducing a 267 delay in the 2 nd pulse attenuated its contribution to the total evoked response, due to the predominance 268 of inhibition evoked by the 1 st pulse (See below). We visualized this attenuation within different 269 glomeruli by superimposing the response to simultaneous inputs and 25-ms-staggered inputs (Fig. 4B,  270 C). Compared to other glomeruli, DA1 showed a decrease in its response to stimuli delayed by as little 271 as 5 ms (Fig. 4D) ; this decrease was more than 4x larger for a delay of 25 ms. In contrast, simultaneous 272 inputs more linearly summed in DA1 than in other glomeruli (Fig. 4E) . Plotting the per-pixel response 273 to simultaneous vs. staggered inputs showed linear distributions of pixels belonging to DA1 or 274 neighboring glomeruli (Fig. 4F) . The linear and bimodal clustering of these pixels indicates that the 275 decrease is uniform and confined within DA1. 276 277
GABA-a Mediates Rapid Inhibition in DA1 278
In moths, the ability to track pheromone dynamics relies on GABAergic inhibition We pharmacologically assessed how GABA shapes the spatiotemporal response properties of DA1 281
PNs. Block of either GABA-a or GABA-b receptors increased the response of DA1 PNs (Fig. 5D) . 282
Normalizing these responses allowed us to assess how each pathway shaped the temporal dynamics of 283 input integration in DA1. Block of GABA-a receptors eliminated the relatively rapid decrease in DA1's 284 responsivity (Fig. 5A, B) , unmasking an excitatory interaction that peaked at the 10 ms inter-pulse (Fig. 5A, Suppl. Fig. 10 ), suggesting a greater activation of inhibitory local neurons. Block 287 of GABA-b receptors decreased the late phase of the delay-dependent response attenuation. Only fast 288 GABA-a inhibition shaped the spatial extent of DA1 activation, as was apparent in the distribution of 289 activity along the proximal-distal axis (relative to PN output, see Fig. 5C ) of DA1 PN dendrites. 290
Whereas the activity profile scaled linearly upon blocking GABA-b receptors, GABA-a receptor block 291 preferentially disinhibited the proximal dendrites of DA1 PNs (Fig. 5D) . The results show that fast 292 inhibition is evoked strongly and rapidly enough to restrict the spread of activity, as well as the 293 influence of slow inhibition, within the PNs of DA1. 294
295
Weak Inter-glomerular Inhibition in DA1 296
The greater inhibition that we find in DA1 could arise from intra-glomerular or inter-glomerular 297 interactions, both of which would be triggered by our antennal nerve stimulation protocol (Fig. 4A) . To 298 determine whether inter-glomerular inhibition is sufficient to elicit DA1's relatively strong and rapid 299 inhibition, we delivered the initial stimulus to the maxillary nerve instead of the antennal nerve ( Fig. 6B ) than the medial and lateral glomeruli, including DA1 (Fig.  305 6B, Ci). Blockade of GABA-a receptors further increased the lateral inhibition triggered by maxillary 306 nerve stimulation (consistent with the effect seen in Fig. 5A ), but once again, DA1 was among the least 307 inhibited (Suppl. Fig. 10D) . 308
309
To make sure that this pattern of lateral inhibition does not result specifically from the activation of 310 maxillary glomeruli, we measured the inhibition of the response to antennal nerve stimulation resulting 311 from 100 ms prior direct stimulation of ventromedial glomeruli. Maxillary nerve stimulation (Fig. 6Ci)  312 and ventromedial neuropil stimulation (Fig. 6Cii ) evoked similar distributions of lateral inhibition: in 313 both cases the greatest inhibition was in dorsal glomeruli, with weaker inhibition in DA1. Furthermore, 314 the onset of inhibition following maxillary nerve stimulation (Fig. 6D ) was slower than that observed 315 following antennal nerve stimulation (Fig. 4D) . Thus inter-glomerular inhibition failed to account for 316 the rapid-onset inhibition that differentiates DA1 from other glomeruli (Fig. 4E) . This suggests thatintra-glomerular interactions contribute to DA1's distinctive inhibitory response following antennal 318 nerve stimulation. 319 320
DA1 Discriminates Direction of Stimulus Onset 321
One cue that enables odor localization in several species is the sequence in which an odor plume comes 322 into contact with spatially separated sensors (von Bekesy 1964; Gardiner 2010; Rajan et al. 2006) . 323
Responding to this cue requires that an animal make a persistent decision that far outlasts a potentially 324 transient difference in sensor activation. We tested the ability of DA1 to report such brief temporal 325 asymmetries in the activation of inputs originating from the left and right antenna. We stimulated each 326 nerve with a 100 Hz train for .3 s (Fig. 7A) delay of only 25 ms, less than one tenth of the total stimulus duration, the pattern of activity in left and 330 right DA1's resembled the pattern evoked by stimulating the left nerve alone (Fig. 7B) . We quantified 331 this with the spatial correlation between the response to paired stimulation and that of stimulating either 332 nerve alone (Fig. 7C) . For delays of 25 ms or more, the later stimulus contributed minimally to the final 333 spatial pattern of activity. This can be seen in the time course of activity following dual-nerve 334 stimulation; activation of DA1 by the left nerve strongly and rapidly inhibits the transient evoked by 335 right nerve stimulation (Fig. 7D) , matching the onset of GABA-a mediated inhibition (Fig. 5A ). DA1's 336 persistent inhibition enables it to capture relative delays in stimulus onset between the two antennae 337 (Movie S2). 338
339
Discussion
340
The anatomy and ethology of pheromonal and generalist subsystems suggests that they process inputs 341 uniquely. We characterize functional differences among glomeruli of the fruit fly antennal lobe, 342 focusing on the specialization of the pheromonal glomerulus DA1. We find that the organization of 343 inputs and inhibitory interactions in DA1 are distinct from those in other glomeruli. DA1's properties 344 enable it to discriminate the direction of odor onset, suggesting that DA1 is specialized to localize odor 345 sources. 346
347
Our methodology provides a useful complement to electrophysiology in understanding the Drosophilaolfactory circuit. First, we gain simultaneous access to a large cross-section of the antennal lobe, 349 allowing us to understand it at a population level. This provides a view of the topographic organization 350 of the AL in which nearby glomeruli tend to have more similar response properties. For example, we 351 find that medial glomeruli are bilaterally activated (Fig. 2B, C ; Suppl. Fig. 5D ), and that dorsal 352 glomeruli receive relatively strong inter-glomerular inhibition (Fig. 5B, C respond more strongly to ipsilateral stimuli (Fig. 2) . This behavior was not previously reported, as all 413 ipsilateral glomeruli show a larger steady-state response to prolonged stimuli (Suppl. Fig. 7) . 417
418
We present a third mechanism whereby each DA1 glomerulus is able to use input timing as a cue to 419 constrain pheromone location. The strong mutual inhibition of ipsi-and contralateral DA1 ORNs 420 allows the discrimination of slight differences in onset of activity on the two sides. This is even true for 421 
